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Chemistry

Extraction Kinetics of Iron, Aluminum, Copper and Zinc from
Contaminated Sediment Using Disodium
Ethylenediaminetetraacetate (110 pp.)
Director: Douglas G. Klarup
One technique for cleansing heavy metal contaminated soils
is to wash the excavated soil with an extraction solution of
a chelating agent or mineral acid. The rate of extraction is
an important parameter when considering the length of time
needed for soil clean-up and the amount and concentration of
wash solution required.
The extraction kinetics of iron, aluminum, copper and zinc
from a contaminated sediment using Disodium
Ethylenediaminetetraacetate (Na2EDTA) can be well described
by the two-constant model, C= A t B, up to 600 minutes and
under different conditions such as solution pH, EDTA
concentration, solution temperature and different sediment
particle size. A diffusion based model was also tried, but
the modelling results were not satisfactory.
The results of this study indicate that with decreasing
solution pH and increasing temperature, the extraction rate
for all metals increased. In the EDTA concentration range of
0.01M to 0.05M, the effect of EDTA concentration was not
important compared with that of solution pH value.
Extraction kinetics for different size particles is
qualitatively identical. In the first few minutes, EDTA
extracted more metals from clay and silt than sand.
A preliminary study of extraction kinetics with copperloaded cation exchange resin using EDTA was performed to
establish a model to describe the mechanism involved in this
simple system, which may be similar to real sediment or soil
systems to some extent. For the cation exchange resin study,
three kinetic models were tried: the radial diffusion model,
two first-order reactions model and two-constant model. The
radial diffusion model was most physically reasonable and
required only one fitting parameter.
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I. Introduction

As landfill disposal becomes more expensive

and

hazardous waste transportation more stringently regulated,
on-site waste treatment technologies may become more
efficient and economical than containment technologies (1).
One technique of on-site treatment, using extraction agents
to wash excavated contaminated soils, is considered the most
suitable for removing heavy metals from soils (1-3).
Commercial scale extraction plants for decontaminating sandy
soils are already being operated in the Netherlands (4).
The mechanism for the removal of heavy metals by
washing soil may be based on extraction (dissolving),
dispersion (emulsifying), and classification (separating
certain particles, including flotation) (3). The choice of a
soil washing extractant depends on the type of contaminant
and soil at the contaminated site. A number of extracting
agents are known for various metals: inorganic and organic
acids, complexing agents like DTPA
(diethylenetriaminepentaacetic acid) and EDTA
(ethylenediaminetetraacetic acid), salt solutions with
competing ions like Ca(II) or solutions with oxidizing and
reducing species (5). Strongly acidic or chelating agent
solutions are usually used because these extractants seem to
be the most promising for removing a wide range of heavy
metals (1, 5, 6).
1

2

Strong acids will attack and degrade the soil
crystalline structure at extended contact times (7). As a
consequence, the soil properties also can change drastically
under this heavy attack. Chelating agents, such as NTA
(nitrilotriacetic acid), DTPA and EDTA, form stable water
soluble metal complexes with most heavy metals. They will
mainly remove the " biological available" fraction of
inorganic contaminants and therefore will abate the adverse
effects of the soil to the ecosystem without sever soil
degradation (2). So chelating agents are better soil washing
agents than strong acids concerning soil degradation.
The extractability of metals in inorganic acids and
chelating agents varies with soil type and metals.
Norvell (8) reported twice as large removal of Cu, Ni and Zn
with 0.1 M HC1 than with five different chelating agents:
DTPA, EGTA (ethyleneglycol-bis(2-aminoethylether)tetraacetic
acid), HEDTA (hydroxyethylethylenediaminetriacetic acid),
EDTA and NTA. The amount of Cd extracted was about the same
with HCl and with EDTA. Farrah and Pickering (9) determined
greater removal with EDTA than with HCl in the case of
artificially contaminated clay minerals.
Although these chelating agents are rather expensive,
they can be regenerated by acidifying the extracting
solution after it has been separated from soil particles.
The chelating agents are precipitated as free acids and then
separated and converted to suitable sodium salts by
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redissolving in aqueous NaOH or Na2CO 3 (10).
Some aqueous extraction systems using EDTA

for

cleaning excavated contaminated soil or sludge have been
demonstrated. In the case of US EPA's extraction of spilled
hazardous materials from excavated soil, a pilot scale
process using EDTA removed 97% of the lead in soil
containing 47,000 ppm Pb (1). Gutekunst and Hahn (11) used
EDTA to treat Cr, Cd and Ni containing sludge to a point at
which discharge was possible. Niel (12) reported that the
metal content of metal contaminated soil was decreased 92%
by using EDTA solution (5%, pH 6).
In addition to soil washing, chelating agents like EDTA
and DTPA also have been widely used as extractants to
estimate the biological and physicochemical availability of
nutrient elements (8, 13).
The rate of the extraction of heavy metals from
contaminated soils is a very important quantity in soil
cleaning. It is one of the factors that determines the
required size of the extraction apparatus and the required
contact time, and in this way influences the total cost of
the cleaning operation (14). Kinetic aspects of chelating
agents extraction of metals from contaminated soils and
sediments, however, rarely have been studied. EDTA was
chosen as a representative of the group of organic chelating
agents in our study. The purpose of this investigation is to
explore the affects of pH, concentration of EDTA extraction

4

solution, temperature and particle size on the extraction
rate of heavy metals and to determine the kinetic equation
that can be used to describe the extraction rate.

II Preliminary Study

As a point of departure, we assume that the sediment
and soil particles are aggregates of fine mineral grains and
natural organic matter. Rao, et. al (15) showed that solute
diffusion from nonspherical aggregates, or mixed sizes of
spherical or nonspherical aggregates could be represented by
diffusion in a single spherical aggregate whose radius was
computed on a volume-weighted basis. So we hypothesize that
the kinetics of extraction of metals from soil particles,
not necessarily spherical, should be described as a radial
diffusive penetration of metals out the porous natural
particles. That is, sorbed metals diffuse through the pore
liquids held in the interstices of natural soil aggregates,
and their penetration is retarded by microscale partitioning
between essentially mobile (i.e., dissolved in intraparticle
pore fluids) and immobile (i.e., in/on intraparticle solids)
states (16). This physical conceptualization suggests that
the same approaches used to develop intraparticle diffusion
models in synthetic particles may be appropriate for natural
sorbents.

5

Chemical engineers have long considered intraparticle
diffusion to limit sorption process by synthetic
resins (17-19). Soil scientists have also demonstrated the
effectiveness of this physical view for transport of
conservative chemicals through soils in their natural
state (20). In order to simplify the investigation and help
understand the complicated real contaminated sediment sample
system, copper-loaded cation exchange resin was chosen as a
substitute for a real contaminated soil sample to study the
extraction kinetics of Cu by EDTA. This simple system also
enabled us to compare different kinetic models used by soil
scientists to describe desorption and adsorption kinetics in
soil systems.
This part of the work was very helpful in understanding
and analyzing the kinetic data from the contaminated
sediment sample. A detailed description of this artificial
cation exchange resin investigation is given below, along
with the description of the contaminated sediment
investigation.

6
III Materials and Methods

A. Artificial Cation Exchange Resin Investigation

Materials

Amberlite IRC-50 was chosen for the investigation. The
characteristic properties of Amberlite IRC-50 are listed in
Table 1.

Table 1. Characteristic Properties of Amberlite IRC-50

Carboxylic acid type cation exchange resin
Matrix: Methacrylic Acid, 5% DVB(divinyl beneze)
Ionic forms: Hydrogen
Effective size: 0.37 mm
Theoretical exchange capacity: 5.75 meq/g wet resin
Moisture content:48%
Type: Macroreticular and Macroporous resin

Methods:

The commercial Amberlite IRC-50 resin was in the
hydrogen form. Before copper could be loaded , the resin had
to be pre-treated with NaOH solution. In our experiments,
8 g of resin (damp) was mixed with

800 ml of 0.2 M NaOH

solution for 24 hours to convert it into the Na+ form. Then

7

the NaOH solution was discarded and 800 ml of 0.1 M Cu(N03)2
solution was used to load the resin with copper. The copperloaded resin was exposed to Na2H2 Y (Y=EDTA with four
negative charges). They were mixed mechanically by a
stainless-steel paddle blade stirrer. The fluid was sampled
with a 1 ml micropipet at selected time intervals. It was
possible to pipet a sample from the mixture directly without
drawing any resin particles into the pipet.
The following chemical reactions describe the system:
a. Convert the commercial resin into Na+ form
RCOOH + Na+

> RCOONa + H

+

b. Load Na+ form resin with Copper
2 RCOONa + Cu2+

> (RCOOl.Cu + 2 Na+

c. Extract Copper out of resin with EDTA
(RCOO)-Cu + H2Y2"

> 2 RCOOH + CuY2-

The concentration of CuEDTA

in the solution was

determined by spectrophotometry at 745 nm with a PerkinElmer UV/VIS Spectrophotometer. A Cu Standard was prepared
by dissolving copper wire in concentrated nitric acid. Then
a CuEDTA standard solution was prepared from the Cu standard
by adding an appropriate amount of EDTA.

Before

measurement, the pH value of the CuEDTA solution was
adjusted to be in the range of 5-9.5 because at pH<5, CuHY"
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forms and at pH>9.5, Cu(OH)Y3- forms. Both forms decrease
absorbance of CuEDTA and make the absorbance of CuEDTA
depend on the solution pH (Fig.l).
Correction of the concentration caused by withdrawal of
samples was made using the following formula:

C
^corr

_ VC+Y,(Cj*!)
tv
T

initial

where C is the concentration obtained directly from the
measurement, Ccorr is the concentration after correction,
i.e., the concentration if no solution was taken out during
the whole experiment, V

inltiia

is the original volume (unit:

ml), V is the volume of solution left in the container at a
given sampling time (unit: ml), and Ci's are the
concentrations directly from measurement at previous time
intervals.

Determination of the Amount of Copper Loaded in the Resin:

The Na+-resin was mixed with Cu(N03)2 solution whose
concentration before mixing was measured spectroscopically
at 745nm. After 24hrs' shaking, the resulting concentration
of Cu(N03)2

was measured again. The amount of Copper in the

resin particles initially, is:

0.18

-e—e-

0.1 7

0.1 6

0)
o
gO.15
_Q
K_
§ 0.1 4
.o
<
0.1 3

0.12
0.11
0

6
PH
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Fig.1 The Absorbance Change of CuEDTA with pH.
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12

10

(^"before~^after^
m

where V is the volume of Cu2+ solution, m is the resin
weight, C^o,.,. and Caftar are the concentrations of Cu(N03)2 in
the solution in the beginning and when equilibrium was
reached, respectively.

B. Contaminated sediment Investigation

Material:

The sediment used in this study was a bank sediment
from the Clark Fork River. It had elevated heavy metal
concentrations, especially copper and zinc, from mining
operations in the upper reaches of the drainage.

The

sediment was air dried and sieved to pass a 2 mm screen. The
fraction larger than 2 mm was rejected for the experiments.
The Clay+silt part refers to the part passing a 63 um sieve,
and the sand part is the fraction passing a 2 mm sieve but
excluded by a 63 um sieve. The fine sand used in the
investigation of temperature effect is the sand part passing
through 80 mesh, i.e., 180 um sieve. Selected sediment
properties are given in Table 2.

Methods;

In order to characterize the metal content in the
sediment, total and extractable metal concentrations by
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ammonium acetate were determined. Metal analysis was
performed by Inductively-Coupled Argon Plasma Emission
Spectrometry (ICAPES). The HF-aqua regia microwave total
sediment digestion method was used to obtained the total
metal content in the sediment sample (21). The amount of
metals extractable by ammonium acetate was performed
according to the procedures given by Page, et.al. (22)

Table 2. Selected sediment Properties

PH: 1:1 (water), 7.1

1:2, 7.2

"total organic carbon percentage: 1.51%
"Particle size distribution: 48% sand, 46% silt, 6% clay
Total metal content: from microwave digestion method
Metal

Bulk

Sand

Clay+silt

(PPm)

(PPm)

(PPm)

A1

8072

8055

8891

Fe

27622

26622

34068

Mn

786

804

773

Cu

1016

975

1429

Zn

2793

2283

4121

Pb

618

523

944

Personal communication with Prof. Johnnie. Moore.
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Microwave Digestion Method for Total Metal Content:

The microwave sediment digestion method procedure was
as follows: Approximately 0.2 g of dried, powdered sediment
was weighed and placed in the bottom of a 50 ml Teflon
reaction vessel. 5 ml of aqua regia and 2 ml of hydrofluoric
acid were added to the vessel. The vessel was tightened to
250 in-lbs with a torque wrench. Then the vessel was placed
in a resealable plastic bowl and heated in a General
Electric Model JET209D microwave oven on high power for five
minutes. The vessel was allowed to cool for approximately 24
hours, opened, and filled with 40 ml of 2.5%(w/v) boric
acid, tightly resealed (by hand), and left to stand for at
least 30 minutes. The resulting solution was filtered
through a 0.45 /xm membrane and diluted to 100 ml.

amtnrm-iiim inofrate Extraction Experiment:

The procedure for ammonium acetate extraction is
described as follows (22): 2 g of air-dried sediment was
placed in a plastic bottle. 25 ml of 1 M NH40Ac was added
and the bottle was shaken for 30 minutes. Then the bottle
was centrifuged for 10 minutes. The supernatant solution was
poured into a 50 ml volumetric flask. The procedure was
repeated with an additional 25 ml of 1 M NH40Ac, and the
final volume was brought to a total of 50 ml with 1 M
NH 4 0AC.
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Batch Equilibrium Byperimenta:

In order to determine the effects of pH and EDTA
concentration on the mobilization of metals under
equilibrium conditions, batch experiments were performed by
combining appropriate amounts of EDTA and NaC104 electrolyte
solution and diluting with distilled water to 50 ml total
volume. To minimize inorganic binding of the metal ions,
sodium perchlorate, which is well known as a very weak
ligand that does not form complexes with metal ions (23),
was used to adjust the ionic strength of the electrolyte.
The concentration of NaC104 used was 0.1 M. Disodium EDTA
concentration ranged from 0.0001 M to 0.1 M. One gram of
sediment (from the clay+silt part) was added prior to pH
adjustment with 1M HC104 or NaOH. The final volume was
recorded. Samples were agitated by a shaker at room
temperature for 24 hours. 24 hours was chosen as effective
equilibration time for convenience. Kinetic experiments
showed that the true equilibrium was not reached even after
one week's contact with EDTA. The final equilibrium pH was
recorded. The samples were centrifuged for 20 minutes at
1100 rpm followed by filtering through a 0.45 um membrane.
They were diluted 10 fold prior to metal analysis using
ICAPES.
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Kinetic Experiments:

Kinetic batch experiments were performed by adding 20 g
of sediment sample to 800 ml of disodium EDTA solution. The
mixture was stirred by stainless-steel paddle blades. At
selected time intervals, an aliquot of about 20 ml of the
mixture was removed and immediately filtered through a
0.45 um filter membrane. The filtration time was 10-15
seconds and was considered short enough not to affect
interpretation of the kinetic results.

IV. Results and Discussion

A. Model Discussion

A number of different kinetic models have been applied
to describe the extraction of various ions from soils.
Sparks (24) reviewed adsorption and desorption kinetics of
plant nutrients, like nitrogen, phosphorus and potassium in
soil systems.
The multiple first-order (or pseudo-first-order )
reactions model has been widely used by soil chemists (2430). In this model different first-order reactions are
ascribed to discrete types of binding sites. It is assumed
that there are multiple simultaneous first-order or pseudofirst-order reactions and their rates are independent.
Usually another assumption made is that the faster reaction
goes to completion before the slower reaction begins.

In a two first-order reactions model, there are two
simultaneous reactions differing in rate, if the rate of
desorption of a sorbate from the soil particles follows
first-order kinetics, then for a batch technique,
(C S -C )

Eq.(l)

d C 2.
=K2 (C°-C2)
dt

Eq.(2)

L

and

where:
Clr C2:

amounts of sorbate released due to first and
second rections, respectively, at time t.

Cx°, C2°: total amounts of sorbate that could be
released at equilibrium due to first and
second reactions, respectively.
Kx, K2: desorption rate constants of reactions 1 and 2.
For the initial conditions of
C]°=0 and C2°=0 at time t=0
the integrated forms of Eq.(1) and Eq.(2) become:
C1=Cf(l-e~klt)

and

Eq.(3)
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C2=C2°(l-e~*2t)

Eq.(4)

The overall concentration of the sorbate in the solution
phase is expressed as:
C = C 1 + C 2 = ( C ° + C 2 ° ) - ( Cj°e~ k l t + c 2 e "*2t)

Eq.(5)

which may also be written as:
In( C ° + C ° - C ) = l n ( C 1 e ~ K t + C 2 e ~ k 2 t )

Eq.(6)

If the time of desorption has been long enough to permit the
first rapid reaction to go essentially to completion,
C1e"klt will be small, and may be neglected. Eq.(6) then
simplifies to:
In(C ° + C ° - C ) =lnC2°-le21

Eq.(7)

from which it is evident that a plot of In (C^ + C2° - C)
against t will yield a straight line of slope -k2 and
intercept lnC2°. The obtained k2 and C2° allow the calculation
of Ci0 and Cx at any previous intervening time due to the
slower first-order reaction. Eq.(3) can be rewritten as:
lntC^-q)-lnC^-i^t

By means of Eq.(8), kx is obtained.

Eq.(8)
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However it is not easy to determine the time at which
the fast reaction goes to completion, this results in the
inaccuracy of rate constants. Besides, the last assumption
that the fast reaction goes to completion before the slow
one begins is questionable.
One way of avoiding this is to add one fitting
parameter for a two first-order reactions model: the percent
of the total available amount of sorbate that could be
released due to the fast reaction out of the total amount
released at equilibrium. By doing this, the last assumption
is not necessary any more. The overall concentration in
solution phase can be expresses as:
C = C 0 a ( l - e ' k l t ) +Cc(1-a)(l - e ' k i t )

Eq.(9)

where C0is the total amount of sorbate that could be
released at equilibrium and a is the percent of the amount
of sorbate that could be released due to fast reaction. kx,
k2 and a are obtained by best fitting the experimental
values of (C,t). This procedure adds mathematical
difficulties to the data treatment and a computer program is
needed.
This model has clear physical meaning, but requires
several independent fitting parameters that cannot be easily
evaluated or estimated for new combinations of chemicals and
solids.
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In addition, the assumption that several discrete
binding sites exist is questionable. Bache and Williams (31)
indicated that the energy of adsorption decreased
exponentially with increasing surface saturation when the
adsorption fitted the Freundlich equation. The decreasing
energy of adsorption may be explained by interactions
between the adsorbed molecules. Everett (32) suggested that
for adsorbed gas molecules, a decrease in the distance
between two adsorbed molecules will cause an increase in the
perturbation potential. This kind of interaction is also
likely to exist between adsorbed metal ions at soil particle
surfaces. At low surface saturation, the adsorbed metal ions
tend to locate themselves so that a minimum of potential
energy is obtained. With increasing adsorption, the distance
between the adsorbed metal ions decreases and the
perturbation energy as well as the total potential of the
adsorbed metal ions increase. Thus, the surfaces of the
adsorbent may not necessarily contain sites of different
energy levels, but may hold the adsorbed metal ions at
different energy levels because of interactions between the
adsorbed metals (33).
Another model often used is a simplified diffusion
model (called the parabolic diffusion law), which takes the
form:
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2 +C o n s t a n t

Eq.(10)

where Ct is the quantity of sorbate desorbed at time t, 0»
is the quantity of sorbate desorbed when equilibrium is
attained, and R is the overall diffusion coefficient.
To evaluate Eq.(10), it is necessary to examine its
origin. The diffusion in a sphere is described by: (34)

where Q is the amount of sorbate in the particles and D is
the diffusion coefficient. With the following initial and
boundary conditions:
Q=Qo, t=0, r<a and r=a
Q=Qeq, t>0, r=a
where Qo and Qeq are the initial amount and final amount of
sorbate in the particles at equilibrium, and a is the
average radius of the particles, the analytical solution of
Eq.(11) is:
f=^£=^=l-if J^e~^
K

Cm

Eq.(12)

n 2 h n2

where M,. is the amount of diffusing substance entering or
leaving the particles at time t, M«, is the total amount of
diffusing substance entering or leaving the particles, and F
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is the fraction of the amount of diffusing substance at time
t. For small times the solution of Eq(ll) can be written as:

6

c-

a2

hi.

i e r f c ———1 -3-^
s/TBtT
a2

Eq.(13)

The second term in the brackets in Eq.(13) is small compared
to ir"1/2 when t is small. Therefore, Eq.(13) can be
simplified to Eq.(14).
F=-^=6(-££-)1/2-3—
a2u
a2

Eq.(14)

Eq.(10) is obtained by taking the first term of the right
side of Eq.(14). Correspondingly, the overall diffusion
coefficient R is 6V(D/a2jr).

Fig.2a and Fig.2b show the

difference between the analytical solution from Eq.(12) and
the solutions by using Eq.(10) and Eq.(14). Eq(10) can only
approximate the analytical solution up to F= 0.2 while
Eq.(14) can approximate up to F= 0.94.

It is obvious that

Eq(10) is only accurate for small times.
It is interesting to point out that there is a linear
relationship

up to F=0.7 between log (Ct/Q.) and log

(Dt/a2), i.e., log C

t

and log t (see Fig.2c), the same form

as the two-constant model.
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The two-constant model is given by
C=AtB

Eq.(15)

where A and B are constants and C is the concentration of
desorbed metal in the solution. This model has been used by
many researchers to describe desorption kinetics. Kuo and
Lotse (33,35), and Olsen (36) described the rate of
dissolution or desorption of soil phosphorous using this
equation. The agreement was good between the model and
experimental results, but the physico-chemical significance
of the two parameters, A and B, is quite nebulous.
Kuo and Mikkelsen (37) derived Eq.(15) by describing
the rate of zinc desorption by DTPA as a multiple order
kinetic equation:
Eq.(16)

where Q is the concentration of zinc on the surfaces of soil
particles, t is the reaction time, k and n are the rate
constant and the order of reaction, respectively.
Integrating Eq.(16) and rearranging gives Eq.(17):
Qn-1

1

(n - 1 )Q o ' x k t * 1

Eq.(17)
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where Q„ and Q are surface zinc concentrations at time 0 and
t respectively. Assuming that (n-l)Q0n_1kt»l after a certain
time, Eg.(17) can be simplified to Eg.(18):
Eq.(18)

LogQ=-^-^log(n-l) k--^-logt

At a constant initial surface zinc concentration, the
reduction of surface zinc concentration at any given
reaction time involves an increase of zinc concentration in
solution. This negative relationship can be expressed as
Eq.(19):
Q=KC "

Eq*

where C is the zinc concentration in solution while K and m
are constants. Substituting Eq.(19) into Eq.(18) gives
Eq.(20):
L o g C = — — log(.n-1)k + m l o g K + — ^ — l o g t
n-1
n-1

Eq.(20)

C=AtB

Eq.(15)

i.e.,

Where A«IP[(n-l)k]B/<B"1> and B=m/(n-l).
There are three assumptions in this derivation: One is
Eq.(16), the second is (n-l)Q0<n_1)kt»l and the third is
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Eg.(19). None of the three assumptions is solid. After so
many mathematical manipulations, the physical meanings of A
and B are not clear. There is another weakness. It is
unlikely that Eg(15) can remain valid over extended periods
of time. According to this eguation, the solution
concentration will approach infinity when time approaches
infinity.
There only are few studies of heavy metal kinetics in
soils, especially desorption kinetics in contaminated soils
or sediments. (14, 37-40). One example is the work of Tuin
and Tels (14), who studied the kinetics of six heavy metals
from contaminated clay soils using 0.1 M HC1. They developed
a model which described the extraction process at constant
pH and temperature as two reactions: 1) a fast irreversible
first-order reaction; and 2) a slow, reversible first order
reaction. The model described the desorption kinetics of Cu
and Ni in two artificially polluted clay soils, but the
agreement between model and experimental results was not
good in the case of waste site clay soils. Another
disadvantage of this model was that three parameters: two
rate constants and the ratio of the amount of the two sites
resulting in two reactions were determined when only 11-18
experimental points were collected. This model is slightly
different than the conventional two first-order reactions
model in that the slow reaction was treated as reversible.

27
B. Artificial Resin Investigation

The overall process of EDTA extracting copper out of
resin particles may be divided into four distinct steps:
1). H2Y2~ diffuses to the surface of the resin particle
through the solution. This step is known as film diffusion.
2). At the surface of particle, H2Y2' reacts with
(RCOQ12CU.
3). RCOOH exchanges with fRCOO)2Cu inside the particle.
This process can be considered as copper diffusing out of
the resin particles while hydrogen

is diffusing into the

particles. It is the intraparticle diffusion process.
4). CuY2' diffuses from resin surface to the bulk
solution.
Before we can determine which step is rate controlling,
it is necessary to examine the effect of the Donnan
potential, which is very important in ion exchange
processes. When a cation exchanger is placed in a strong
electrolyte solution, there are considerable concentration
differences between the solution phase and the resin
particle phase. The cation concentration is large in the
resin, whereas the mobile anion concentration is large in
the solution. If the ions carried no electric charges, these
concentration differences would be levelled out by
diffusion. Since the ions are charged, however, such a
process would disturb electroneutrality. Migration of
cations into the solution and anions into the cation
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exchange resin results in an accumulation of positive charge
in the solution and negative charge in the resin. The first
few ions which diffuse thus build up an electric potential,
called the "Donnan potential", between the two phases. The
Donnan potential pulls cations back into the negatively
charged ion exchanger and anions back into the positively
charged solution. This is called "Donnan exclusion". An
equilibrium is established in which the tendency of the ions
to level out the existing concentration differences is
balanced by the action of the electric field (19).
In our case, the fixed carboxylic groups trap and
localize most of H* and Cu 2+. Electroneutrality would permit
the presence of only as few mobile cations as there are
anionic C00~ groups. So the scarcity of such groups in the
particle results in almost complete elimination of the
Donnan exclusion of mobile co-ions (18). Therefore, Na+ and
H2Y2~ from the solution can invade the resin particle and may
boost the interdiffusion rate. It is reasonable that
intraparticle diffusion is much slower than film diffusion.
In this case, steps 1 and 4 are ruled out as rate
controlling steps. We also assume that step 2 is fast enough
not to be the rate-limiting step because of the strong
affinities of Cu2+ for EDTA and H* for RCOO".
With the assumption that the resin particles are
spherical, the diffusion equation describing step 3 takes
the form:
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Eq-(21)

where Q: the conc. of fRCOO)2Cu in the resin
r: radial distance in particle

cm

cm2/roin

D: diffusion coefficient
t: time

mmol/g

min

Assuming the diffusion coefficient is constant, Eq.(21) can
be written as: (the same as Eq(ll))

fHj [ £ <r, !£ >]

E *-< 22 >

To simplify Eq.(22), define U=Q*r. Then Eq.(22) becomes
Eq.(23)
dt

dr2

The initial condition is:
t=0, Q=Qm at all r
i.e., t=0, U=Qm*r
where Qm is the initial conc. of (RCOO)2Cu in the resin
particles (unit: mmol/g).
The boundary conditions are:
1) r=0, U=0
2) Because step 2 is rapid, we assume at the surface (r=Ro),
an equilibrium is established instantaneously, i.e.,
t>0, |
Q r-Ro = Qeq
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where Qeq is the amount of Copper in the resin particles
when equilibrium is reached.
Q(r,t) can be obtained by numerically solving the
differential equation with the given initial and boundary
conditions. At time t, the average conc. of (RCOO)2Cu in the
resin is:
[*°Q{r, t) di-^itr3)

2U)= —

;

fR°3i2Q(i, t) di

-

— 11 R o 3

.

Eq.(24a)

R°

3

The experimental value of Q(t) is obtained from the
CuEDTA concentration in the solution phase.
Eq.(24b)

0(t) =Qa-C{t^*V

The fraction of equilibrium attained at time t

is

given by the following equation.
F=

Eq.(25)

Qm-Qeq

The rate of Cu washed out of resin by EDTA is related
to the diffusion coefficient D.
Three different concentrations (0.2 M, 0.1 M, 0.05 M)
of EDTA were used. The diffusion coefficients were obtained
from the best fitting by minimizing 2(Fexp-FB0d)

2

(Table 3).
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Fexp and Fmod are the F values obtained from experiment and
model, respectively.

Table 3. Diffusion Modal Fitting Rasults in the
Artificial Rasin Investigation

Conc. of EDTA (M)

Diffusion Coeff. (cm2/min)

0.201

8.50e-7

0.100

5.13e-7

0.050

2.98e-7

The agreement between experimental data and model was
fairly good (see Figures 3a, 3b and 3c). From the values of
the diffusion coefficient, it is obvious that the rate of
EDTA washing Cu out of the resin increases when the
concentration of EDTA is raised. As mentioned above, EDTA
can invade the resin particles. The higher the EDTA
concentration in the solution, the more EDTA can invade.
This is verified by the experiment in which EDTA was mixed
with Na+-resin and the lost amount of EDTA in the solution
was determined after 24 hours shaking (see Table 4). The
concentration of EDTA was determined by titrating known
concentration of Pb2+ with xylenol orange as indicator.
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Table 4. Amount of EDTA lost in Contact with Resin

Conc. of initial EDTA (M)

0.1998 0.09992 0.04996

Conc. of EDTA after 24hr (M)

0.1937 0.09799

0.04917

Amount of EDTA lost (mmol/g)

0.60

0.07

0.18

The invasion of EDTA helps the intraparticle diffusion.
In the other words, the diffusion coefficient depends on the
concentration of EDTA in the bulk solution. So in the model
the assumed constant diffusion coefficient is only an
approximation because with copper extracted out, part of the
EDTA was used to complex with copper. Apparently the
approximation was good enough to yield good results.
It is interesting to apply the data to the simplified
parabolic diffusion model (Eq.10), the multiple first-order
reactions model and the two-constant model (Eg.15).

Parabolic Diffusion Equation:

In spite of the fact that the diffusion equation can
well describe the kinetic data, there does not exist a
strong linear relationship between F and tl/2, especially in
the case of 0.2 M EDTA (Table 5). As mentioned in the model
discussion part and shown in Fig.2b, the parabolic diffusion
equation can approximate the diffusion process only up to
F=0.2. Here the experimental results confirmed that the
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parabolic diffusion equation does not apply for extended
times. It suggests that the parabolic diffusion equation
should be used cautiously to describe a diffusion controlled
process.

Table 5

Parabolic Diffusion Equation Fitting Results in
the Artificial Resin Investigation

Conc. of EDTA

No. of Observation

r2

0.0500M

16

0.953

0.100M

16

0.933

0.201M

16

0.860

Two-constant model?

As mentioned above, there is a linear relationship
between log (Ct/C.), i.e., log F and log t, up to F=0.7
(Fig.2c). The kinetic data from the ion exchange resin
confirmed this (Table 6). It suggests that even when
diffusion steps control the rate, it can still be described
by the two-constant model (Eq.15), at least for the part
whose equilibrium attainment is less than 0.70.
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Table 6

Two-Constant Model Fitting Results in the
Artificial Resin Investigation

C(EDTA)

0.0500H

0.100M

0.201M

Overall* F(0.7)b Overall* F(0.7)b Overall* F(0.7)b

r2

0.990

n*

16

0.996
8

0.982

0.992

0.957

0.996

16

6

16

5

Constant 0.639

0.599

0.790

0.725

0.925

0.830

X coeff. 0.294

0.331

0.262

0.325

0.216

0.309

n*: No. of observation.
*: Including all data up to 300 minutes.
b:

Including data up to F=0.7.

Multiple first-order reactions model:

Two first-order reactions are used to describe the
kinetic data. The results are shown in Table 7 and Figures
4a-4c.

The relationship between the multiple first-order

reactions model and the diffusion model, from the
theoretical standpoint, is of interest.
Eq.(12) can be rewritten as:

Ct
t' 1 - n'

-**Dt

(e

ie

-9* 2 Dt
+...)

Eq.(26)
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With time or Dt/a2 increasing, the higher terms on the right
side of Eq.(26) become less important. When time is greater
than a certain time for a given diffusion coefficient and
diffusion distance a, Eq.(26) can be well approximated by:
-4«2Pt

£t=l--L(e
Cm

Table 7

n2

+±e
4

«a )

Eq.(27)

Two First-order Reactions Model Results
in the Artificial Resin Investigation

C(EDTA)

0.0500M

0.100M

0.201M

kx (min-1)

0.126

0.135

0.148

kj (min"1)

0.00454

0.00620

0.00711

0.48

0.57

a

0.42

Now go back to the multiple first-order reactions
model. For convenience, a two first-order reactions model is
chosen as representative. Assume there are two different
reactive sites, each of which undergoes a first-order
reaction with the adsorbate. The following terms used later
are defined as:
qi0: total available sorbate associated with site 1.
q2°: total available sorbate associated with site 2.
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q° : total available sorbate associated with sites 1
and 2. So q° = qx° + q/
qx: available sorbate associated with site 1 at time t.
q^ available sorbate associated with site 2 at time t.
kl, k2: the rate constants for the first and second
reactions,respectively.
For the two first-order reactions, we have:
Eq.(28)

and
Eq.(29)

The corresponding solutions are
0„
e -k, t

Eq.(30)

g2=g2°e"~*jt

Eq.(31)

and
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We know:
C t _ ± _ Q1+Q2 _1_ Vi _ Q2
C
„ 0+<32
, O
RRO ^
RFO
u<3i
^

Eq.(32)

Substitute Eq.(30) and Eq.(31) into Eq.(32), Eq.(33) is
obtained.
^ = 1 - — e " *
Cm

q°

j t

q°

E q .( 3 3 )

Comparing Eq.(27) and Eq.(33), we can find that the two
equations bear the same form. So if a process is controlled
by diffusion, it can be described as multiple first-order
reactions, although the reverse does not necessarily exist.

C. Contaminated Sediment Investigation

The real contaminated sediment sample is much more
complicated than the cation exchange resin. The latter is a
homogeneous sorbent while the former is heterogeneous and
normally a complex mixture of a number of solid phases that
may include clays, silica, organic matter, metal oxides such
as FeOOH, Mn02, A1203, carbonates, sulfides and a number of
minerals. Correspondingly, there are a variety of ways heavy
metal may be bound, e.g., adsorption at oxide surface sites,
ion exchange within clay minerals, binding by organically
coated particulate matter or organic colloidal materials.
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The sediment particle size distribution may also range from
very small colloidal particles to large sand particles (32).
The model developed from the simple particle system like ion
exchange resin does not necessarily describe the behavior in
real soil or sediment systems. So it is necessary to
investigate desorption kinetics with real soil samples.

Total metal content:

Table 8 lists the total metal concentrations in
sediment samples obtained from the microwave digestion
method.

Table 8. Total Metal Concentrations in the Sediment
Samples Obtained from the Microwave Digestion Method

Metal

Cone, of Bulk
(Mg/g)

Cone.of Sand

Cone.of Clay+Silt

(Mg/g)

(Mg/g)

o
i+
o

09)• 103 (8.06±0.39)•103 (8.89±0.15) 10

(8.

Fe

(2.76±0.03)• 104 (2.66±0.03)• 104 (3.41±0.04) 10

Mn

(7.86±0.21)*102 (8.

Cu

(1.

Zn

(2.79±0.05)•103 (2.

Pb

(6.

Si

(2.75±0.04)•10s (2.

•

A1

o•
1+
o

o
to
1+
o
•

18)•102 (7.73±0.12) 10

03)•103 (9.75±0.12)•102 (1.43±0.02) 10
•
0
I+
00
10

02)• 102 (4.12±0.05) 10
o•
I+

**

o•
1+
OC
H

19)•102 (5.23±0.16)•102 (9.

16) 10

o•
I+
OV
OV

07)•10s (2.53±0.04) 10
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A modified microwave digestion method was performed in
which no hydrofluoric acid and boric acid were used while
the rest of digestion procedure stayed the same. The results
are shown in Table 9. Iron and aluminum are known to be part
of the crystalline structure of the soils, but would also be
present in the structure coatings because of soil
degradation. Manganese is frequently associated with iron in
the structure, but most of it is likely to be in the surface
coating. Copper and zinc are unlikely to be part of the
crystalline structure (41). Comparing the results from the
two methods , it is obvious that the digestion method with
HF and boric acid dissolves more Fe, Hn, A1 and Si. A1 and
Si were especially affected because hydrofluoric acid
dissolved the silicate structure while the modified method
hardly affects the silicate-matrix. Note that the total
concentrations for Zn and Cu are nearly the same , if the
measurement errors are taken into account. This implies that
little Cu and Zn are associated with the alumino-silicate
matrix.

Acetate extractable metals:

Ammonium acetate was used as a reagent to replace
exchangeable cations in soil systems (22). Table 10 shows
the ammonium acetate extraction results. Ammonium acetate
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can extract large amounts of Ca and Mg and some of Cu and
Zn. No Fe,Al and Si and very little of Mn were extracted.

Table 9

"Total1'* Metal Cone, in the Sediment Samples

Obtained from the Modified Microwave Digestion Method

Metal

Bulk

Sand

(Mg/g)

(Mg/g)

Clay+Silt
(Mg/g)

o
H

(6.95±1.15) 103

(7.90±1.16) 103

(2.40±0.05)• 104

(2.33±0.10) 104

(3.17±0.10) 104

Mn

(4.27±0.23)• 102

(4.36±0.24) 102

(3.85±0.14) 102

Cu

(9.71±0.47)•102

(9.22±0.40) 102

Zn

(2.52±0.06)• 103

(2.00±0.03) 103

(3.90±0.02) 103

Pb

(4.72±0.20)• 102

(4.10±0.06) 102

(8.16±0.11) 102

Ca

(1.07±0.07)•104

(9.12±0.23) 103

(1.19±0.00) 104

Mg

(3.92±0.14)• 103

(3.92±0.20) 103

(3.71±0.17) 103

Si

(2.92±0.28)•102

(2.57±0.33) 102

(3.51±0.23) 102

A1

(6.66±0.46)

Fe

( ! • 45±0.00)

103

('Here "Total" is defined as the concentration obtained
specifically from the modified digestion method.)
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Table 10. Ammonium Acetate Extraction Results

Bulk

Sand

Clay+Silt

Mg/g

Mg/g

Mg/g

Al

0

0

0

Fe

0

0

0

Mn

0.15

0.30

0.13

Si

0

0

0

Cu

279

255

388

Zn

343

312

480

Ca

5.94-104

5.43-104

8.14-104

Mg

2.31-103

2.25-103

2.73-103

Hetal

Batch Equilibrium avperiments:

The influences of pH and concentration of EDTA on the
solubilization of Al, Fe, Cu, Zn, Mn and Si are shown in
Figures 5a-5f respectively. The effects of solution pH and
concentration of EDTA on the metal levels in solutions were
similar for all metals and Si (Fig.5g).
There have been numerous studies of metal desorption in
simple systems in the absence of chelating agents. These
have consistently shown that pH is the dominant solution
parameter controlling desorption and that metal desorption
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decreases dramatically as solution pH increases. However,
when complexing ligands are added to a system, the results
cannot be generalized easily. Metal desorption sometimes
increases and sometimes decreases depending on the
particular metal, ligand, adsorbent and pH range being
studied (42). In our case, all metals were removed to a
greater extent from the sediment when pH decreased in the
presence of EDTA solution. Linn and Elliot (43) got similar
results with NTA.
Complexing ligands could decrease metal adsorption in
the soil-water system by two mechanisms proposed by Davis
and Leckie (44). First, if the complexing ligands themselves
are not adsorbed, they simply compete with the surface for
the metal ion. Second, adsorbing ligands whose principal
coordinating functional groups are involved in surface
binding and, therefore, are unavailable for metal binding,
may reduce metal adsorption. Contrary to that, the organic
ligand may have a high affinity for the solid surface and
also act as an effective ligand bridge with the metals and
thus increase adsorption (45). These reactions can be
visualized as:

a) S-M + L S S + ML
S-M + L i* S-L + M

b) S-M + L

S-M-L or S-L-M
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where S, M and L stand for surface, metal and ligand,
respectively. Their charges were omitted.
The EDTA caused a substantial increase in metal removal
from the sediment sample. This agrees with previous
investigations given in the literature. Chubin and Street
(45) found that the addition of EDTA to the dilute
suspension of A1(0H)3, Fe(OH)3, kaolinite, and
montmorillonite inhibited Cd adsorption across the pH range
of 4.0-10.0. Fugii (46) found the adsorbed Cd by a Yolo silt
loam decreased with increasing concentration of EDTA
applied. Samanidou and Fytianos (47) also noticed that an
increase in mobilization of heavy metals from river sediment
samples with an increase of EDTA concentration.
This ability to promote metal release is expected
because EDTA can form stable, water soluble complexes with
these metals. The 1:1 metal-EDTA complexes formed and
disodium EDTA are all negatively charged. The pHipc (pH at
zero point of charge) of the sediment sample was not
measured, but from the results, it is unlikely that the pHzpc
was low enough to have a positively charged solid surface.
Therefore, the EDTA ligand and metal-EDTA complexes were not
adsorbed to the surface due to electrostatic attraction.
EDTA competes more effectively for the free aqueo-metal ions
than the specific sediment surface sites, thereby enhancing
the metal desorption.
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Lindsay and Norvell (48) developed a general approach
by which the equilibria between chelating agents and metal
ions in soils could be predicted from formation constants. A
diagram was derived to show how the bulk metal concentration
in the solution phase changed with pH. Table 11 lists the
stability constants for metal-EDTA and metal-soil reactions.
The charges on the reacting species were omitted to simplify
tabulation of the data for ligands of different charge.

Table 11.

Stability Constants at 25°C for Metal-EDTA
and Metal-soil Reactions

Reactions

logK

H + L = HL

10.17

H + HL - H2L

6.11

H + H2L = H 3L

2.68

H + H3L = H 4L

2.00

H + H4L = H SL

1.73

H + HsL = H sL

0.89

Ca + L = CaL

10.61

CaL + H = CaHL

3.18

Mg + L = MgL

8.83

MgL + H = MgHL

3.85

Fe(II) + L = Fe(II)L

14.27

Fe(II)L + H = Fe(II)HL

2.70

Fe(II)L + OH = Fe(II)OHL

4.93
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Table 11.

Stability Constants at 25°C for Metal-EDTA
and Metal-soil Reactions (Continued)

Fe(III) + L - Fe(III)L

25.0

Fe(III)L + H = Fe(III)HL

1.30

Fe(III)L + OH - Fe(III)OHL

6.60

Fe(III)(OH)L + OH = Fe(III)(OH)2L

4.50

Zn + L = ZnL

16.44

ZnL + H - ZnHL

3.00

Cu + L = CuL

18.70

CuL + H = CuHL

3.00

CuL + OH = Cu(OH)L

2.50

Mn(II) + L = MnL

13.81

MnL + H = MnHL

3.10

Al + L = AIL

16.50

AIL + H = A1HL

2.50

AIL + OH = Al(OH)L

8.17

Fe(OH)3(amorp) + 3H4 = Fe3+ + 3H 20

3.54*

Fe(OH)3(soil) + 3H+ = Fe3+ + 3H 20

2.70 *

FeC03 + 2H4 = Fe2+ + C02 + H20

7.92 *

soil-Zn + 2H+ = Zn2+

5.80 *

soil-Cu + 2H+ = Cu2+

2.80 *

MnC03 + 2H+ = Mn2+ + C02 + H20

8.08

'These values were based on the experimental measurements of
Lindsay (49).
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When EDTA was added to the sediment samples, there were
many reactions occurring (49). The amount of MXL formed in
solution depended upon many competing reactions. (M stands
for metal, X represents zero or more moles of either IT or
OH- ions and L is EDTA with four negative charges.) For
example, consider the formation of FeXL:

SFeXL = FeL" + FeHL + Fe(OH)L2- + Fe(OH)2L3"
« [FeL"](1 + ^FeHL[H4] + ^Fe(OB)L[OH] + ^Fe(0H)2L^Fe(0H)L[OH]2)

and the total ligand concentration (L,.) of any chelating
agent in soil solution may be expressed by the equation:

L,. - L + EH nL + SFeXL + ECuXL + EZnXL + SA1XL + EMXL

where L is the concentration of free ligand and M stands for
metals except Fe, Cu, Zn and Al.
All terms in the equations of Lt and ZFeXL can be
expressed as functions of the free ligand concentration, H*
activity, formation constants of complexes and solid phases
governing the concentration of the metal ions in soils. For
example, the expression for FeL" is obtained as follows:
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log K
Fe3+ + L4" = FeL"

25.0

Fe(OH)3(soil) + 3H+ = Fe3+ +3H20

2.70*

Fe(OH)3 (soil) + 3H* + L4" - FeL" + 3H20

27.70

(* The constant came from the experimental measurement of
Lindsay (49).)

and from this equilibrium reaction

[FeL"]=1027-7 (H*) 3[L~]

Fig.6 shows ZFeXL changing with pH. Similar relations
for Al, Mn, Cu and Zn can be developed. From Fig.6, we can
see that with the decrease of pH and increase of Lt( the
concentration of [FeL-] increases. This is the simplified
semi-quantitative explanation of the batch equilibration
experiment results. It is expected that for different soils
there will be different stability constants for soil-M (M
refers to metal), correspondingly, the curve will move along
pH axis, but the shape will be the same.
The effects of pH and EDTA concentration on Si were
similar to those on metals. Although most Si in soil or
sediment exists as silicate-matrix and is not susceptible to
the attack of EDTA, there is still some silicate at the soil
particle surface due to weathering. The mechanism of
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solubilization probably is different from that of metals.
It is interesting to note that with increasing pH and
concentration of EDTA, the color of the EDTA extraction
solution became yellow or brown and approached that of humic
acid. In many soils, calcium and other polyvalent cations
(e.g., Fe and Al) are responsible for maintaining organic
matter in a flocculated and insoluble condition.
Accordingly, EDTA induces solubilization of the organic
matter by forming soluble coordination complexes with Fe,
Al, Ca, Mg, etc., in a medium containing Na+, K* or NH4+
(50). Reactions leading to the solubilization of organic
matter by Na2EDTA can be described as follows:

R(COO)4Ca2 + 2NaaEDTA

> R(COONa)4 + 2CaEDTA

[RCOOZ(OH)2](COO)2Ca + Na2EDTA

> [RCOOZ(OH)2](COONa)2
+ CaEDTA

where Z is a trivalent cation such as Fe3+ and Al3+. From the
above reactions, one can see that an increase of pH or
concentration of EDTA facilitates the solubilization of the
organic matter.

Kinetic Experiments:

Nine kinetic experiments were performed and different
experimental conditions were used (Table 12). A summary of
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extraction results are shown in Table 13, Figures 7a-7e and
Figures 8a-8e.

Table 12.

The Kinetic Experiment Conditions of
the Contaminated Sediment

No. Cone, of Subpart of
EDTA (M) Sediment

Background

Initial

Electrolyte

pH

Temp(°C)

1

0.02M

Clay+Silt

0.1M NaCl04

3.0

R.T

2

0.05M

Clay+silt

0.1M NaC104

4.5

R.T

3

0.05M

Clay+silt

0.1M NaC104

7.0

R.T

4

0.05M

Sand

0.1M NaC104

7.0

R.T

5

0.05M

Bulk

0.1M NaC104

7.0

R.T

6

0.05M

<180um Sand

0.1M NaC104

4.5

34.2

7

0.05M

<180um Sand

0.1M NaC104

4.5

24.6

8

0.05M

<180um Sand

0.1M NaC104

4.5

9.8

9

0.01M

Clay+silt

0.1M NaCl04

7.0

R.T

R.T: Room temperature.

The kinetics was similar under different conditions for
all metals except manganese. It was noted that the
extraction kinetics of manganese from the sand and bulk
samples was quite different from that of from the Clay+silt
samples. It might suggest that the association of Manganese
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with sand particles differed from clay and silt particles.
More insight into the cause of this difference needs further
investigation.
Relatively little percent of total Al and Si were
dissolved in EDTA solution while a large percent of Fe, Cu,
Zn and Mn were released. The concentration of Si and Al in
the extracts is assumed to reflect the extent of matrix
degradation since the principal mineral structure in the
sediment consists of alumino-silicates. It suggests that
mainly Fe- and Mn- coatings of the sediment were dissolved
leaving the alumino-silicate matrix relatively unchanged.
Borggaard's study (51) supported this. In his study, he
indicated that neither the X-ray diffraction nor the IR
spectra of the clay and silt from a Danish sandy loam showed
appreciable difference before and after five months of EDTA
extraction at pH 7.5 to 10.5.
After the addition of 0.05 M disodium EDTA solution,
the pH value of sediment suspension rapidly dropped about
0.4 pH unit in 2 minutes, then stabilized around this value.
At the EDTA concentration of 0.01 M (kinetic experiment
No.9), the pH value dropped 2 pH units. This rapid change of
pH seems to correlate with the rapid release of metals in
the first several minutes. The reaction of soil-M with EDTA
releases protons.

Soil-M2+ + H2Y2" = MY2" + 2H

+
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The drop of pH is probably because only some of the released
protons were adsorbed by soil particles.

Table 13. Summary of Extraction Results of the
Contaminated Sediment Investigation

Metal Name of

E*

E

E

Clay+silt pH3

8891

1.5%

4.3%

11%

Clay+Silt pH4.5

8891

0.72%

3.1%

Clay+Silt pH7

8891

0.19%

0.80%

3.0%

Sand pH7

8055

0.25%

0.80%

2.5%

Bulk pH7

8072

0.24%

0.79%

2.5%

Clay+silt (0.01M) 8891

0.14%

1.6%

3.2%

<180um Sand(34.2C) 13764

0.29%

2.4%

-

<180um Sand(24.6C) 13764

0.27%

1.8%

-

<180um Sand (9.8C) 13764

0.17%

1.0%

-

Clay+silt pH3

34068

1.6%

13%

48%

Clay+Silt pH4.5

34068

1.0%

10%

40%

Clay+Silt pH7

34068

0.48%

4.1%

18%

Sand pH7

26622

0.31%

3.0%

13%

Bulk pH7

27622

0.30%

3.3%

13%

Clay+silt (0.01M) 34068

0.54%

6.0%

19%

<180um Sand(34.2C) 23701

1.0%

23%

-

>* <

(2min) (300min) (3 days)

•

(ppm)

H
00

Sample

Total Cone.
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Table 13. Sunmary of Extraction Results of the
Contaminated sediment Investigation (Continued)

Cu

<180um Sand(24.6C) 23701

0.89%

12%

<180um sand (9.8C) 23701

0.40%

4.1%

Clay+silt pH3

773

3.9%

6.4%

13%

Clay+Silt pH4.5

773

3.1%

6.3%

11%

Clay+Silt pH7

773

0.71%

7.4%

8.7%

Sand pH7

804

0.62%

9.3%

14%

Bulk pH7

786

0.66%

9.4%

12%

Clay+silt (0.01M) 773

0.98%

6.3%

7.7%

<180um Sand(34.2C) 436

5.2%

14.4%

-

<180um Sand(24.6C) 436

5.0%

14.3%

-

<180um Sand (9.8C) 436

1.7%

13.0%

-

Clay+silt pH3

1429

31%

53%

72%

Clay+silt pH4.5

1429

28%

49%

67%

Clay+Silt pH7

1429

22%

37%

54%

Sand pH7

975

19%

38%

56%

Bulk pH7

1016

19%

37%

55%

Clay+silt (0.01M) 1429

24%

44%

58%

<180uxn Sand(34.2C) 830

27%

64%

-

<180um Sand(24.6C) 830

28%

60%

-

<180um sand (9.8C) 830

22%

47%
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Table 13. Summary of Extraction Results of the
Contaminated Sediment Investigation (Continued)

Clay+silt pH3

4121

18%

33%

42%

Clay+Silt pH4.5

4121

17%

31%

40%

Clay+Silt pH7

4121

14%

26%

31%

Sand pH7

2283

13%

24%

36%

Bulk pH7

2793

12%

22%

32%

Clay+silt (0.01M) 4121

16%

28%

35%

<180um Sand(34.2C) 1958

19%

48%

-

<180um Sand(24.6C) 1958

20%

45%

-

<180um Sand (9.8C) 1958

17%

33%

—

*E: Extraction efficiency, the percentage of extracted metal
out of the total metal content.

After 2 minutes, 33%-45% of Cu and Zn, which were
solubilized by EDTA in 3 days, were washed out. This
suggests that this fraction of Cu and Zn was loosely held by
sediment particles. This loosely bound Cu and Zn was readily
available for chelation by EDTA. These results also agree
with the fact that more Cu and Zn were extractable by
ammonium acetate than Al,Fe and Mn (see Table 10). Cu was
more easily extracted by EDTA than Zn. In 3 days, at initial
pH 3, 72% of Cu in the clay+silt part was extracted while
42% of Zn was extracted under the same condition. EDTA forms
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more stable complex with copper than zinc (Table 11), which
might be the reason of more copper was extracted by EDTA. It
is also possible that copper was more loosely associated
with the sediment particles than zinc.
For Cu and Zn, there were two steps of solubilization
when the EDTA solution was applied to the contaminated
sediment. One was very fast, finished in several minutes.
The other was slow. This is in agreement with earlier
findings. Lehmann and Harter (38) also found that there were
two stages in desorption kinetics

of Cu in artificially

polluted soil when EDTA, citrate and oxalate were used as
extractants. Cu concentration in the solution increased
rapidly during about the first 3 minutes of reaction with
chelating agents. After this time, the curves quickly
flattened and showed a slow, steady rise for about 45 to 60
minutes.
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Modalling Efforts

a. Diffusion model
Metallic cations are usually found in soils or
sediments in chemical "pools" listed below: (52)
1) water soluble ions
2) easily exchangeable ions
3) strongly adsorbed,chelated or complexed ions
4) secondary clay minerals and metal oxides
5) primary minerals or tightly fixed ions
Initially we can assume that water soluble ions and
easily exchangeable ions are involved in the fast extraction
reaction and that strongly adsorbed, chelated ions result in
the slower reaction. It is also assumed that the fast step
is instantaneous while the slow step is controlled by
diffusion processes. Based on the two assumptions, the
solution concentration, C, should be corrected by taking
into account the fast step. The corrected concentration can
thus be obtained by subtracting

concentration Ci, which was

caused by the fast reaction, from the overall concentration.
Then the data is fit with Eq(12),the analytical solution of
the diffusion equation, Eq.(ll).
Even after 6 days' contact with EDTA, the extraction
still did not reach equilibrium. Therefore the value of C»
in Eq.(12) could not

be obtained from experiment. So

another assumption was made that 0» is the concentration
when the amount of metal, which can be solubilized in the
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modified microwave digestion method, is extracted.
The fitting results are portrayed by Figures 9a-9d and
Figures lOa-lOd and summarized in Table 14.

Table 14. Fitting Result

of Diffusion Equation for

the Contaminated sediment Equation

D/r2(min"1)

Ci(ppm)

Metal

Al

Fe

Cu

Zn

Al

Fe

Cu

Zn

10 17.4 4.0e--7 6.3e-6 4.4e-5 1.4e-5

CS pH3

2.5 0.2

CS pH4.5

1.2

0.1 9.1 16.4

CS pH7

-

1.5

7.7 14.1

CS 0.01M

0.1

1.2

7.3 13.9 9.3e--8 1.2e-6

3.le-5 9.3e-6

Sand pH7

-

0.1 4.6

7.3

-

3.6e-7

2.7e-5 1.0e-5

Bulk pH7

-

0.1 4.0 7.7

-

4.3e-7 3.le-5 7.6e-6

2.6e--7 4.Oe-6
-

0.6

0.1 5.1 9.0 8e-8

T=9.8°C

0.3

0.2

3.8 7.2

1.6e-•7 1.7e-5

1
)a

T=24.6°C

1.le-5

9.2e-7 1.5e-5 1.0e-5

H

0.5 0.1 4.7 8.3
•

T=34.2°C

3.6e-5

5.8e-5

4.9e-6 1.0e-4 4.le-5

2.8e-•8 5.le-7 4.8e-5

1.7e-5

*CS refers to Clay+Silt

This model only can describe the extraction kinetics of
Fe (see Fig.9b and Fig.10b). Note that Ci values are close
to zero, which indicates the first fast reaction is not
important for Fe and the extraction is controlled by
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diffusion.
For Al, the kinetic experiment at pH 7 was not
modelled because little Al was extracted by EDTA at this pH
(Fig.7a). This model

does not describe the extraction

kinetics of Al well (Fig.9a) from Clay+silt fraction, but it
can describe the kinetics from <180um sand under different
temperatures (Fig.10a).
The agreement between the model and experimental
results is poor for Cu and Zn (Figures 9c, 9d, 10c, and
lOd). The values of CA obtained from model fitting are high,
compared with Fe and Al. In addition, the CA's of Cu and Zn
are susceptible to changes of experimental conditions even
with the same sediment subsample. This suggests that the
solubilization mechanism of Cu and Zn is different from that
of Fe and Al.

b.Two-constant Model

Equation C=AtB also was used to fit the experimental
data. According to this equation, there is a linear
relationship between log C and log t, i.e,
logC=logA+Blogt

Eq.(34)

The results are listed in Table 15.
In spite of the fact that there are two patterns of
extraction kinetics, one represented by Fe and Al, the other
shown by Cu and Zn, from Table 16 and Figures lla-lld and

91

12a-12d, the two-constant model can describe the EDTA
extraction kinetics of Fe, Al, Cu and Zn up to 600 minutes.
The linear relative coefficient r2 is very high for all
metals of concern. It is interesting that even the
dissolution kinetics of Si can be well described by this
equation (Table 15). It is unlikely that this equation can
remain valid over extended periods of time. The kinetic data
extended to 6 days confirmed this.

Table 15.

Fitting Results of the Two-Constant Model
for the Contaminated sediment Investigation

Cu

Zn

Clay+silt pH3

21 0.110 1.006 0.999 0.118 1.239

Clay+silt pH4.5

21 0.117 0.959 0.998 0.122 1.197 0.991

Clay+Silt pH7.0

13 0.107 0.855 0.999 0.0886 1.127 0.997

Sand pH7.0

20 0.134 0.645 0.994 0.120 0.849

Bulk pH7.0

22 0.135 0.652 0.981 0.115 0.912 0.987

B

logA

r2

n

B

logA

r2

Name

0.995

0.975

<180um Sand(34.2°C) 17 0.812 0.680 0.998 0.188 0.912 0.997
<180um Sand(24.6°C) 17 0.152 0.724 0.999 0.161 0.944 0.997
<180um Sand (9.8°C) 17 0.148 0.619 0.990 0.141 0.859

0.990

Clay+siltpH7(0.01M) 21 0.118 0.909 0.983 0.114 1.166 0.991
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Table 15. Fitting Results

of the Two-Constant Model

for the Contaminated Sediment Investigation (Continued)

Eg
B

ISO
logA

r2

B

logA

r2

Name

n

Clay+silt pH3

21 0.434 0.960 0.994 0.101 -0.139 0.822

Clay+silt pH4.5

21 0.470 0.774 0.992 0.134 -0.221 0.770

Clay+silt pH7.0

13 0.427 0.464 0.998 0.479 -0.976 0.961

Sand pH7.0

20 0.467 0.138 0.996 0.576 -1.134 0.984

Bulk pH7.0

22 0.476 0.165 0.994 0.523 -0.997 0.980

<180um Sand(34.2°c) 17 0.629 0.561 0.997 0.219 -0.308 0.889
<180um Sand(24.6°C) 17 0.530 0.544 0.997 0.200 -0.259 0.807
<180urn sand (9.8°C) 17 0.472 0.219 0.998 0.380 -0.714 0.850
Clay+siltpH7(0.01M) 21 0.475 0.535 0.995 0.309 -0.630 0.792

Al
B

logA

§1
r2

B

logA

r2

Name

n

Clay+silt pH3

21 0.212 0.463 0.988 0.389

0.255 0.992

Clay+silt pH4.5

21 0.282 0.152 0.996 0.408

0.121 0.988

Clay+silt pH7.0

13 0.267 -0.449 0.979 0.289

0.174 0.976

Sand pH7.0

20 0.242 -0.443 0.864 0.249

0.200 0.957

Bulk pH7.0

22 0.234 -0.476 0.863 0.355 -0.114 0.973

<180um Sand(34.2°C) 17 0.425 -0.128 0.999
<180urn Sand(24.6°C) 17 0.368 -0.109 0.992
<18Ovum sand (9.8°C) 17 0.369 -0.339 0.981
Clav+siltPH7(0.01M) 21 0.474 -0.575 0.902 0.395 0.0392 0.997
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Effect of PH:

Three pH values: 3, 4.5 and 7 were chosen. In the two
constant model, the value of log A is in the order of pH 3 >
pH 4.5 > pH 7 for all the metals of concern. The value of B
does not change too much from one pH value to another for a
given metal. With decreasing pH, the extraction rate
increased. (Figures 7a-7d and Figures lla-lld)
As we know, protons can replace metal ions by competing
for binding sites with metal ions, therefore the extraction
rate of metals is enhanced by the presence of more protons.

Effect of Particle Size:

Clay+silt, sand and bulk samples from the sediment
sample were selected to conduct the kinetic experiments
under the same experimental conditions. The kinetics for
particles of different size or mixed size is qualitatively
identical. For Cu, Zn, Fe, Mn and Si, the value of log A is
in the order of Clay+silt > Bulk > Sand and that of B is
Sand > Bulk > Clay+silt. Essentially, A is the concentration
of metal in extraction solution when t=l minute and B may be
regarded as a rate coefficient. In the first few minutes,
EDTA extracts more metals from clay+silt part than sand
(Figures 7a-7d and Figures llb-lld), probably because there
is more available loosely bound metal in clay and silt
particles than sand particles due to surface area.
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Effect of EDTA Concentration:

Two EDTA concentration were selected, i.e 0.05 M and
0.01 M. Unfortunately, the resulting pH of the solution

depends on the concentration of EDTA used. At 0.05 M EDTA,
the solution pH stabilized at 6.8, while at 0.01 M EDTA, the
solution pH stabilized at 5.0, although they had the same
intial pH value (pH=7). So the resulting kinetic data
reflected the effect of not only the EDTA concentration but
also the solution pH. From the equilibrium experiments, we
know that with increasing applied EDTA concentration, more
metals were extracted from the sediment. However the kinetic
data contradicted this, but agree with the effect of
solution pH (Figures 7a-7d). It suggests that the effect of
EDTA concentration is less important than that of solution
pH value.

Effect of Extraction Temperature?

Three temperature, 34.2°C, 24.6°C and 9.8°C were used.
With increasing extraction temperature, the extraction rate
for all the metals increased (Figures 8a-8d). Kuo and Lotse
(37, 39) assumed in the two-constant model , the value of A
represented the rate constant in Arrhenius equation and
applied the Arrhenius equation to get an activation energy
of several Kcal/mol for adsorption of phosphate from
different sorbents. However, this is not very strict,
because the physical meaning of the two constants A and B
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are nebulous. The same effort was tried with our kinetic
data, but a linear relationship of In A and 1/T, according
to Arrenius equation, was not found.

V. Conclusions

A. Artificial Resin investigation

It is not surprising that the extraction process can be
described in several different ways. However, it adds
difficulty to perceiving the true mechanism involved.
Among the different models describing the extraction
kinetics of Cu from the ion exchange resin by EDTA, the
radial diffusion model is the best because it fits the data
very well up to the time scale at which equilibrium is
reached and it has only one fitting parameter, the
intraparticle diffusion coefficient. The two first-order
reactions model and the two-constant model use three and two
fitting parameters, respectively. In addition, the latter
two models can not apply up to the time scale at
equilibrium. Also, the radial diffusion model is more
physically reasonable.
The parabolic diffu2sion equation cannot represent the
whole diffusion process. It applies only at small times, so
caution should be executed when trying to use the parabolic
diffusion equation to justify if a process is controlled by
diffusion process.
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B. Contaminated Sediment Investigation:

The two constant model can describe the extraction
kinetics of Al, Fe, Cu and Zn from the contaminated sediment
sample by EDTA under different extraction conditions. It is
a useful equation to predict the extraction kinetics. But it
should be noted that the equation applies only within a
certain time scale. In our case, the equation works
excellently, up to 600 minutes.
The diffusion model can describe the extraction
kinetics of Fe. Even with the assumption that the first fast
reaction completed instantaneously when EDTA solution
contacts the sediment sample, the diffusion model still
cannot describe the extraction kinetics of Cu and Zn.
With decreasing solution pH and increasing temperature,
the extraction rate for all metals increased. In the EDTA
concentration range of 0.01 M to 0.05M, the effect of EDTA
concentration was not important compared with that of
solution pH value. Extraction kinetics for different size
particles is qualitatively identical. In the first few
minutes, EDTA extracted more metals from clay and silt than
sand.

C. General Conclusions

The results of this study indicate that EDTA, as a
heavy metal cleansing agents for the contaminated sediment,
extracted up to 72% of Cu and 42% of Zn in three days. In
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the meantime, EDTA also extracted Al, Fe and Mn. The
extraction efficiency of EDTA is expected to vary with the
type of contaminated soil or sediment and metals. The
extraction kinetics, up to 600 minutes, can be described by
the equation C - A t
samples.

B

for our contaminated sediment
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